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Abstract: In this paper, the properties of an oxide film formed on a pure iron surface after being polished with
an H2O2-based acidic slurry were investigated using an atomic force microscope (AFM), Auger electron
spectroscopy (AES), and angle-resolved X-ray photoelectron spectroscopy (AR-XPS) to partly reveal the
material removal mechanism of pure iron during chemical mechanical polishing (CMP). The AFM results show
that, when rubbed against a cone-shaped diamond tip in vacuum, the material removal depth of the polished
pure iron first slowly increases to 0.45 nm with a relatively small slope of 0.11 nm/μN as the applied load
increases from 0 to 4 μN, and then rapidly increases with a large slope of 1.98 nm/μN when the applied load
further increases to 10 μN. In combination with the AES and AR-XPS results, a layered oxide film with
approximately 2 nm thickness (roughly estimated from the sputtering rate) is formed on the pure iron surface.
Moreover, the film can be simply divided into two layers, namely, an outer layer and an inner layer. The outer
layer primarily consists of FeOOH (most likely α-FeOOH) and possibly Fe2O3 with a film thickness ranging from
0.36 to 0.48 nm (close to the 0.45 nm material removal depth at the 4 μN turning point), while the inner layer
primarily consists of Fe3O4. The mechanical strength of the outer layer is much higher than that of the inner layer.
Moreover, the mechanical strength of the inner layer is quite close to that of the pure iron substrate. However,
when a real CMP process is applied to pure iron, pure mechanical wear by silica particles generates almost no
material removal due to the extremely high mechanical strength of the oxide film. This indicates that other
mechanisms, such as in-situ chemical corrosion-enhanced mechanical wear, dominate the CMP process.
Keywords: oxide film; nanoscale mechanical removal; pure iron; chemical mechanical polishing

1

Introduction

Iron is one of the most common elements on earth.
Iron-based materials such as steels and pure iron
have been widely used in various high technology
applications. Pure iron has been intensively used in
high energy density physics [1, 2], as a liner material
[3], and in some comparative experiments as a reference
material [4]. In some occasions, an ultra-smooth surface
with excellent surface integrity is required and is even
indispensable for satisfactory device performance [5].
However, conventional ultra-precision machining

techniques, such as ultra-precision cutting, may not
meet such stringent requirements [1, 2, 6]. It is known
that chemical mechanical polishing (CMP), which has
been widely used to manufacture ultra-large scale
integrated circuits, can yield an ultra-smooth surface
with nano and even sub-nano surface roughness and
nearly zero subsurface damage by taking advantage
of the synergetic effects of chemical corrosion and
mechanical wear [7−9]. Li et al. [7] fabricated a nearperfect silicon surface with 0.5 Å surface roughness
at the atomic scale by optimizing the CMP process.
Jiang et al. [10] reported that an ultra-smooth copper
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surface with nearly 1 nm surface roughness could be
obtained with the proper chemistry. Recently, Jiang
et al. [11−13] extended the application of CMP to
iron-based metals, including AISI 1045 steel, AISI 52100
steel, and 316L stainless steel, yielding ultra-smooth
surfaces with nanoscale surface roughness. Therefore,
it is feasible to obtain an ultra-smooth pure iron
surface with CMP technique.
Normally, when applying CMP to metals, such
as copper and iron-based metals, oxidation reactions
between the metal substrate and oxidizer (such as
H2O2) are indispensable to oxidize the metal to its
corresponding oxidation states. The oxidized surface
can subsequently react with other chemical additives,
such as complexing agent, enabling effective and
controllable material removal. Therefore, the oxide
film formed during the polishing process via oxidation
reactions is critical for polishing performance. As for
copper, the copper oxide film becomes thick, dense,
and passive in the presence of H2O2 as pH increases
within the range of 2−10 [14]. Therefore, the material
removal rate (MRR) of copper decreases. Moreover,
the nanoindentation results indicate that, at pH 2, the
hardness of the film decreases significantly compared
with the virgin copper surface, while no measurable
effect is observed at pH 7 or 12. This further confirms
that the film formed at low pH is weak enough to be
easily removed by mechanical abrasion. As for ironbased metals, it is revealed that the oxide film plays a
significant role in material removal [11−13]. For AISI
52100 steel CMP, in the presence of glycine at pH 4.0,
the MRR first dramatically increases when H2O2
concentration increases from 0 to 0.01 wt%. The result
is due to formation of a porous iron oxide layer on the
surface. With a further increase in H2O2 concentration,
the MRR gradually decreases. This outcome is caused
by dense growth of the porous iron oxide layer with
relatively high mechanical strength via transformation
of γ-FeOOH into α-FeOOH and even into α-Fe2O3. A
similar MRR trend was observed in our preliminary
results for CMP of pure iron. However, for pure iron,
the properties of the oxide film formed on the top
surface and its role in material removal during the
CMP process remain unclear. Only a few studies
showed that an oxide film with approximately 3−5 nm
thickness is formed under different oxidation conditions [15−19]. Lin et al. [17] showed that oxide films

produced by O2 exposure are predominantly trilayers
of FeO, Fe3O4, and FeOOH phases, wherein FeOOH
phase is in the outermost layer. However, Bhargava
et al. [15] suggested that FeO is unstable below 570 °C,
and the oxide that can coexist with iron is Fe3O4.
Therefore, the oxide films reported by Lin et al. [17]
are most likely a bilayer consisting of Fe3O4 and
FeOOH phases. Dong et al. [20] studied the corrosion
mechanism of mild steel, which has a similar chemical
composition as pure iron, under wet/dry alternate
conditions with 0.052 wt% NaHSO3 solution at pH 4.0.
The oxidation process can be divided into two stages.
At the initial stage, the oxide film is porous and
primarily composed of amorphous iron oxides, and
small amounts of α-FeOOH, γ-FeOOH, and Fe3O4. At
the later stage, the content of α-FeOOH (and even Fe2O3
[16, 21]) rapidly increases as γ-FeOOH transforms
into α-FeOOH (and even Fe2O3 [16, 21]) when γ-FeOOH
accumulates to a certain amount, and the oxide layer
becomes compact [22]. Meanwhile, crystallization of
α-FeOOH can induce polymerization of the amorphous
iron oxides, and the iron oxide layer becomes compact
as a result [23]. Chao et al. [24] found that the addition
of H2O2 can efficiently accelerate oxidation without
changing the basic mechanism. However, a lack of
studies on the oxide film formed on a pure iron surface
during CMP might become an obstacle to further
improving polishing performance of pure iron.
In this work, nanoscale mechanical removal of a
pure iron sample polished with an H2O2-based
acidic slurry was investigated using an atomic force
microscope (AFM) with a cone-shaped diamond tip
and an SiO2 microsphere tip in vacuum. The chemical
composition of the polished pure iron surface was
subsequently characterized using Auger electron spectroscopy (AES) and angle-resolved X-ray photoelectron
spectroscopy (AR-XPS). Based on the above results,
the effect of the oxide film on nanoscale mechanical
removal of pure iron was discussed.

2

Material and methods

Experimental samples with a size of 10 mm × 10 mm ×
2 mm were first cut from a large piece of polycrystalline
pure iron (DT4E) and were polished using a UNIPOL802 desktop polisher with a designated H2O2-based
acidic slurry. The samples were subsequently rinsed
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with deionized (DI) water, dried with nitrogen, and
then immediately placed into a vacuum chamber
to avoid further oxidation and contamination. After
applying the above treatments, the arithmetic average
surface roughness (Ra) over a 2 μm ×2 μm area reduced
from its initial value of 122.4 ± 48.6 nm to 0.31 ± 0.07 nm,
and an ultra-smooth surface was obtained. The samples
were subsequently used for AFM, AES, and AR-XPS
tests. The polishing slurry was composed of 4 wt%
NexSil 85K colloidal silica (purchased from Nyacol
Nano Technologies, Inc., 50 nm primary particle
size), 0.01 wt% H2O2 (reagent grade, purchased from
Sinopharm Chemical Reagent Co., Ltd) and DI water
at pH 4. The polishing conditions were set as follows:
6.4 psi down force, 200 rpm table speed, 25 mL/min
slurry flow rate, and 5 min polishing time. An
IC1010/Sub-IV composite pad was used. Between each
polishing, ex-situ pad conditioning was performed
for 2 min to deglaze the pad surface.
To study the nanoscale mechanical removal behavior
of pure iron, wear tests of the polished pure iron
sample against a cone-shaped diamond tip (NC-LC,
Adama, Ireland, 100 N/m spring constant) were carried
out using an AFM (SPA-300HV/SPI3800N Probe Station,
Seiko, Japan) in vacuum at room temperature under
the following experimental conditions: 2−10 μN applied
load FN, 0.5 μm/s relative sliding velocity v, 1 μm
relative sliding length L, and 1 number of reciprocating
sliding cycles N. All wear tests were repeated at least
three time to ensure the results were reproducible.
Figure 1 illustrates the nanoscale wear tests conducted
within one crystalline grain of pure iron. As shown
in the inset of Fig. 1, the radius of the diamond tip
is approximately dozens of nanometers, which is
consistent with the nominal value. After the wear tests,
a silicon nitride AFM probe (MSCT, Bruker, USA)
with less than 20 nm nominal radius of curvature
was used to scan the 3D surface topography of the
experimental area. In order to determine the exact
wear area, a microhardness tester was used to indent
an L-shape maker on the pure iron surface before
conducting the wear tests. The marker has five points
in each direction with an interval of 50 μm between
each point. All the points can be clearly observed
with a light microscope. Based on the relative location
in the L-shape coordinate system, the exact wear area
can be easily identified.

Fig. 1 Schematic of the nanoscale wear tests conducted within
one crystalline grain of pure iron. The inset shows a scanning
electron microscopy image of the cone-shaped diamond tip.

To comparatively study the effect of the oxide film,
a dilute HCl solution was used to obtain an oxidefree pure iron surface by removing the initial oxide
film. The polished pure iron sample was first dipped
into a dilute HCl solution at pH 1.5 for 30 s and was
then washed, dried, and placed into a vacuum chamber
for wear tests against a cone-shaped diamond tip under
the same experimental conditions as the polished pure
iron sample. The Ra value for the HCl-treated pure iron
surface over a 2 μm × 2 μm area was 4.51 ± 0.29 nm.
To further reveal the effect of the oxide film on the
material removal of pure iron in a real CMP process,
similar wear tests of the polished pure iron sample
against a chemically active SiO2 microsphere tip of
2.5 μm diameter (Novascan Technologies, Inc., 16 N/m
spring constant) were carried out in vacuum at room
temperature under the following experimental conditions: 4 μN applied load FN, 0.5 μm/s relative sliding
velocity v, 1 μm relative sliding length L, and 100, 300,
500, and 1000 numbers of reciprocating sliding cycles
N separately.
The chemical composition of the polished pure iron
surface was characterized using AES and AR-XPS. The
sample was first degaussed before being transferred to
the chamber in order to avoid negative measurement
effects. AES was used to quantitatively analyze the
chemical depth profile at the sample surface. The
measurements were performed using a PHI-700
Scanning Auger Nanoprobe (ULVAC-PHI, Japan) with
a 5 kV coaxial electron gun and a cylindrical mirror
energy analyzer. In addition, the energy resolution
was 1‰, the incidence angle was 30°, the vacuum
chamber pressure was less than 3.9 × 10−9 Torr, and a
scanning Ar+ gun was used to sputter depth profiling.
AR-XPS was used to characterize the chemical
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composition of the sample surface at different
depths. The measurements were carried out using a
PHI Quantera SXM (ULVAC-PHI, Japan) with a
hemispherical energy analyzer and a monochromatic
aluminum target. The X-ray beam spot size was
200 μm, and the analysis chamber pressure was less
than 1.0 × 10−7 Torr. By rotating the sample, spectra
were obtained at four different photoelectron take-off
angles from the surface (5°, 25°, 55°, and 85°). Here,
the take-off angle is the angle between the sample
surface and the photoelectron emission direction [15].
The XPS detection depth increases as the take-off angle
increases, and thereby the chemical composition at
different depths can be acquired. High-resolution
spectra corresponding to Fe and O were obtained
using 55 eV pass energy with 0.1 eV step size. The
data was then analyzed with CasaXPS software.

3
3.1

Fig. 2 Typical AFM surface topographical images and average
cross-section profiles of the material removal traces after performing
wear tests on the polished pure iron surface against a diamond tip
in vacuum.

Results and discussion
Nanoscale mechanical removal behavior of
pure iron with an oxide film

A thin oxide film inevitably forms on the top surface
of pure iron during the polishing process due to
oxidation reactions between H2O2 and pure iron.
Typical AFM surface topographical images and average
cross-section profiles of the material removal traces
after wear tests against the diamond tip are shown in
Fig. 2. Corresponding statistical data showing the
amount of removed material, including the material
removal depth d and the material removal volume V,
are shown in Fig. 3. Assuming that no material
removal occurs when the applied load is zero in
vacuum, the material removal depth slowly increases
linearly with a relatively small slope of 0.11 nm/μN as
the applied load increases from 0 to 4 μN. Specifically,
at 2 μN, an extremely shallow groove-like scratch
with a depth of 0.2 nm starts to form on the surface.
The depth increases to 0.45 nm at 4 μN. A turning
point emerges at 4 μN. When the applied load further
increases from 4 to 10 μN, unlike the preceding trend,
the material removal depth rapidly increases from
0.45 to 11.83 nm with a large slope of 1.98 nm/μN. At
10 μN, an apparent scratch with a depth of 11.83 nm
can be observed on the surface. The material removal
volume shares a similar trend with the material

Fig. 3 Corresponding statistical data for the amount of removed
material after performing wear tests on the polished pure iron
surface against a diamond tip in vacuum. (a) Material removal
depth d. (b) Material removal volume V.

removal depth, except for the slope. The difference
in the slopes can be attributed to the influence of the
nonuniform cross-section area along the depth. Based
on the existence of a turning point at 4 μN, one can
infer that the polished pure iron surface is layered,
probably due to the formation of the oxide film, and
the resultant mechanical strength is inhomogeneous
along the depth direction. Moreover, the top layer
exhibits high mechanical strength since the slope of
the amount of removed material versus the applied
load is initially small.
3.2

Nanoscale mechanical removal behavior of
oxide-free pure iron

To verify the above inference on the oxide film, the
polished pure iron sample was etched with a dilute
HCl solution to obtain an oxide-free surface and was
subsequently rubbed against the diamond tip. Typical
AFM surface topographical images and average crosssection profiles of the material removal traces after
the wear tests are shown in Fig. 4(a). The correspon-
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Fig. 4 (a) Typical AFM surface topographical images and average cross-section profiles of the material removal traces after performing
wear tests on the oxide-free pure iron surface treated with a dilute HCl solution at pH 1.5 against a diamond tip in vacuum. (b) Corresponding
statistical data for the amount of removed material and comparison with the results of the polished pure iron sample as presented in Fig. 3.

ding statistical data showing the amount of removed
material are shown and compared with the data from
the polished pure iron sample in Fig. 4(b). As shown
in Fig. 4(a), the surface treated with the dilute HCl
solution becomes much rougher compared with the
polished pure iron surface, which is probably due to
nonuniform etching by hydrogen ions. As seen from
Fig. 4(b), the material removal depth and material
removal volume almost linearly increase with slopes
of 2.11 nm/μN and 17.52 × 104 nm3/μN, respectively,
based on linear fitting when the applied load increases
from 0 to 10 μN. This assumes that no material
removal occurs at 0 μN and also the result at 2 μN is
excluded since it is almost impossible to identify the
scratch due to the relatively rough surface. No turning
point emerges throughout the test range, unlike the
trend for the polished pure iron sample. This result
indicates that the mechanical strength of the oxide-free
pure iron surface is quite homogeneous along the
depth direction. Moreover, by removing the oxide film,
the amount of removed material apparently increases
probably due to a much lower mechanical strength of
the pure iron substrate compared with the oxide film.
Therefore, the oxide film formed on the pure iron
surface results in inhomogeneous mechanical strength,
which can be roughly divided into two parts. The
higher strength portion is near the top of the film, as
indicated by the initial relatively small slope for the
amount of removed material versus the applied load.
However, whether the boundary between the two
regions with different mechanical strengths is situated
within the oxide film or in between the oxide film
and the pure iron substrate remains unclear.

3.3 Characterization of oxide film formed on pure
iron surface
To determine the boundary, AES and AR-XPS tests
were carried out to characterize the chemical composition and structure of the oxide film formed on
the pure iron surface. The AES depth profiles of the
oxide film after polishing are shown in Fig. 5(a). The
corresponding AES spectra before and after sputtering
for 3 min are shown in Fig. 5(b). In general, the typical
depth probed by AES is approximately 2 nm [25]. The
reference sputtering rate of SiO2 is 2 nm/min. Baera
et al. [26, 27] reported that the average value of relative
sputter ratio of Fe2O3 to SiO2 is 0.61 with 0.06 standard
deviation. This data is used to roughly estimate the
thickness of the pure iron oxide film in our experiment.
Based on the criterion where AES depth profiles at a
point where the oxygen concentration becomes near
zero and stable, the total oxide film thickness can be
estimated to be approximately 2 nm. When the
sputtering time increases from 0 to 0.3 min/0.4 min,
the concentration of iron on the exposed pure iron
surface increases from 37.8 at% to 42.4 at%/43.6 at%,
and the Fe/O ratio increases from 0.61 to 0.74/0.77,
indicating that the remaining oxide film can be
primarily composed of Fe3O4 since the Fe/O ratio of
Fe3O4 is 0.75 [15, 17]. Moreover, the sputtered oxide
film can be primarily composed of ferric oxides, such
as FeOOH and Fe2O3 [16, 17, 21] with a film thickness
ranging from 0.36 to 0.48 nm. The thickness of ferric
oxides film is quite consistent with the observed
0.45 nm material removal depth at the aforementioned
4 μN turning point from the polished pure iron
sample. When the sputtering time increases further,
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Fig. 5 (a) AES depth profiles of the oxide film formed on the
top surface of pure iron after being polished with the H2O2-based
acidic slurry. (b) Corresponding AES spectra before and after
sputtering for 3 min.

corresponding Fe(2p) spectra are shown in Fig. 7.
Deconvolution of the Fe(2p) spectra reveals two peaks.
Specifically, the peak with the low binding energy
corresponds to iron as a form of metallic iron, and
the peak with the high binding energy corresponds
to iron as a form of a mixture of ferric and ferrous
oxides [15]. In addition, as the photoelectron take-off
angle increases from 5° to 85°, the proportion of iron
as metallic iron gradually increases from almost 0 to
16.8 at%. The XPS signal of metallic iron is probably
derived from the pure iron substrate underneath the
oxide film.

the concentration of iron on the exposed pure iron
surface continuously increases and then stabilizes,
which suggests that the oxide film gradually transitions
to the pure iron substrate underneath. As shown in
Fig. 5(b), the atomic concentration of iron becomes
much larger after being sputtered for 3 min.
AR-XPS was used to further analyze the chemical
composition of the oxide film. The experimental sample
was the same as that in the AES measurement. The
corresponding O(1s) spectra, which were obtained
at four different photoelectron take-off angles (5°, 25°,
55°, and 85°) are shown in Fig. 6. Deconvolution of
the O(1s) spectra reveals two peaks at approximately
530.1 eV and 531.5 eV, which correspond to oxygen
as forms of O2– and OH–, respectively [15]. Moreover,
the proportion of oxygen as OH– gradually decreases
from 70.1 at% to 47.9 at% as the photoelectron take-off
angle increases from 5° to 85°, which indicates that
OH− exists in the outer layer of the oxide film. The

Based on the above results, one can conclude that a
thin oxide film with approximately 2 nm thickness
(roughly estimated from the sputtering rate) formed
on the pure iron surface after being polished with the
H2O2-based acidic slurry. According to the AES and
AR-XPS results, the oxide film can be roughly divided
into an outer layer and an inner layer, as shown in
Fig. 8. Any intermediate layer is ignored. The thickness
of the outer layer ranges from 0.36 to 0.48 nm (roughly
estimated from the sputtering rate) and is primarily
composed of FeOOH (most likely α-FeOOH) and
possibly Fe2O3, while the inner layer is primarily
composed of Fe3O4 [15−17]. In accordance with the
proposed bilayer oxide film structure, one can find
that the boundary between the two regions with

Fig. 6 XPS O(1s) spectra of the polished pure iron surface
obtained at four different photoelectron take-off angles.

Fig. 7 XPS Fe(2p) spectra of the polished pure iron surface
obtained at four different photoelectron take-off angles.

3.4

Effect of oxide film on nanoscale mechanical
removal of pure iron
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Fig. 8 Schematic illustration demonstrating the effect of the
oxide film on nanoscale mechanical removal of pure iron.

different mechanical strengths is situated within the
oxide film and in between the outer and inner layers,
given the fact that the thickness of the outer layer
agrees well with the 0.45 nm material removal depth
at the 4 μN turning point from the polished pure iron
sample. Moreover, based on the AFM results, the
mechanical strength of the outer layer of the oxide
film is much larger than those of the inner layer and
the pure iron substrate, possibly due to the increased
compactness induced by crystallization of α-FeOOH
[20, 22, 23]. In addition, the mechanical strength of
the inner layer is quite close to that of the pure iron
substrate since the amount of removed material
increases linearly without any distinct turning point
when the applied load increases from 4 to 10 μN until
the material removal depth reaches 11.83 nm at 10 μN,
which is far beyond the oxide film thickness [28].
As for real CMP of iron-based metals, colloidal
silica is widely used as an abrasive to obtain an ideal
ultra-smooth surface without micro scratches [29].
Our preliminary CMP results show that the MRR of
pure iron can reach as high as 163 nm/min when being
polished with the slurry containing 4 wt% colloidal
silica, 0.01 wt% H2O2, and DI water at pH 4 under
the aforementioned polishing conditions. However,
no material is removed when the polished pure iron
surface is rubbed against a SiO2 microsphere tip at
1.15 GPa contact pressure (according to Hertz contact theory) in vacuum, even after applying 1000
reciprocating sliding cycles, as shown in Fig. 9. This
result is due to the extremely high mechanical strength
of the oxide film formed on the pure iron surface
compared with that of SiO2. The wear tests results
indicate that other mechanisms, such as in-situ chemical
corrosion-enhanced mechanical wear, control material
removal during CMP. Furthermore, one possible
mechanism is that H2O2 in the acidic slurry will react
with ferric ions near the surface to form ferrous ions.

Fig. 9 Typical AFM surface topographical images after performing
wear tests on the polished pure iron surface against a SiO2
microsphere tip in vacuum.

As a result, either the resultant reactivity of the
surface will be improved, or the resultant mechanical
strength of the surface will be reduced, or both. More
investigation is ongoing so that the material removal
mechanism during the CMP process can be better
understood.

4

Conclusions

The mechanical properties of the oxide film formed
on the pure iron surface after being polished with
the slurry containing 0.01 wt% H2O2 at pH 4.0 were
investigated using an AFM against the diamond tip
in vacuum. The chemical composition and structure
of the oxide film were characterized using AES and
AR-XPS. The conclusions are summarized as follows:
(1) A thin oxide film with approximately 2 nm
thickness is formed on the pure iron surface after
being polished with the H2O2-based acidic slurry. The
oxide film is layered and can be roughly divided into
an outer layer and an inner layer. The outer layer has
a thickness ranging from 0.36 to 0.48 nm (close to the
0.45 nm material removal depth at the 4 μN turning
point) is primarily composed of FeOOH (most likely
α-FeOOH) and possibly Fe2O3, whereas the inner
layer is primarily composed of Fe3O4. Moreover, the
mechanical strength of the outer layer is much larger
than the strength of the inner layer and the pure iron
substrate. The mechanical strength of the inner layer
is quite close to that of the pure iron substrate.
(2) With respect to real CMP of pure iron, given the
fact that the mechanical strength of the oxide film is
extremely high compared with that of colloidal silica,
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pure mechanical wear with colloidal silica generates
almost no material removal. This phenomenon
indicates that, from the view of mechanical removal,
the oxide film functions as a handicap. Moreover,
other mechanisms, such as in-situ chemical corrosionenhanced mechanical wear, dominate the entire CMP
process. The results provide insight into how CMP
affects pure iron, suggesting that it is important to
select proper chemical additives, such as 0.01 wt%
H2O2, to promote in-situ chemical corrosion and obtain
an ultra-smooth surface with high removal efficiency.
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